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Abstract

The acidic soils of western Newfoundland require liming for successful production of
most crops. Locally sourced paper mill waste wood ash (WA) and paper sludge (SL)
have potential as cheaper alternatives to limestone (LIME). Two greenhouse experi-
ments evaluated WA and SL as liming and soil conditioning amendments for annual
ryegrass (Lolium multiflorum) production. At 55 days after seeding, soil pH in WA
(6.2 and 6.3) and wood ash and paper sludge (WASL) (6.0 and 6.3) were not different
from that in LIME (6.0 and 6.5) for Experiments 1 and 2, respectively. However, pH
in SL was 0.4 and 0.3 points lower than in LIME. Compared to LIME, WA, SL, and
WASL produced 31%—52% and 57%—74% greater biomass yield in Experiments 1
and 2, respectively. N uptake was greater in WA (60 and 129 kg N ha~!) and WASL
(51 and 97 kg N ha~!) compared to LIME (40 and 85 kg N ha~!), in Experiments
1 and 2, respectively. SL did not differ from LIME in Experiment 1, but reduced N
uptake by 57% in Experiment 2. The results show significant potential of WA as an
alternative amendment for liming and yield improvement of annual ryegrass grown
in NL podzolic soils. However, SL has limited potential due to the risk of increasing
N immobilization and residual soil mineral N when growing conditions are limit-
ing. Combining SL with WA or biochar seemed to alleviate these risks. Overall, the
adoption of these amendments for field production systems warrants serious consid-
eration, following supplemental field studies to determine optimal application rates

and timing.

Abbreviations: AM, liming amendment; BC, biochar; CBPPL, Corner Brook Pulp and Paper Ltd.; CCE, calcium carbonate equivalent; DAS, days after
seeding; DMY, dry matter yield; LIME, limestone; NL, Newfoundland and Labrador; SL, paper sludge; WA, wood ash; WASL, wood ash and paper sludge;

WEPS, water-filled pore space.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original

work is properly cited.

© 2024 The Authors. Soil Science Society of America Journal published by Wiley Periodicals LLC on behalf of Soil Science Society of America.

792 wileyonlinelibrary.com/journal/saj2

Soil Sci. Soc. Am. J. 2024:88:792—-802.


https://orcid.org/0009-0009-5450-833X
mailto:macheema@mun.ca
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/saj2

JAVED ET AL.

1 | INTRODUCTION

North American pulp and paper industry generates significant
volumes of wood ash (WA) and paper sludge (SL) as waste
by-products (Cherian & Siddiqua, 2019). Landfill disposal
of paper mill waste is costly due to rising costs for tipping
fees and shipping (Gagnon & Ziadi, 2023). The Corner Brook
Pulp and Paper Ltd. (CBPPL) mill spends $69 Mg~' on
dump waste byproducts at landfill site located 44.5 km away
from the production site. Moreover, these costs are expected
to rise further due to the consolidation of landfill sites at the
provincial level and the need to transport these wastes over
greater distances (Barrett & Vodden, 2023). To reduce dis-
posal costs and potential environmental pollution, WA and SL
can be used as valuable alternative sources of nutrients for
crop production (Camberato et al., 2006; Quaye et al., 2011).
Both materials contain various essential nutrients that are ben-
eficial for plant growth, including nitrogen (N), phosphorus
(P), potassium (K), calcium (Ca), and micronutrients (Nor-
rie & Fierro, 2020; Rodriguez et al., 2019). Paper mill waste
undergoes an oxidation process during treatment, resulting in
SL with plant-available nutrients.

Sustainable management of large volumes of paper mill
wastes in an economically viable, socially acceptable, and
environmentally sound manner is one of the most critical chal-
lenges faced by the industry across the globe (Cherian &
Siddiqua, 2019; Likon & Trebe, 2012; Simdo et al., 2018).
One such sustainable management option is the recycling of
WA and SL as liming and nutrient sources in crop production
(Kinnula et al., 2020; Medaiyese et al., 2023; Paramisparam
et al., 2021). The application of WA has been reported to
increase nutrient uptake and yield of Sorghum bicolor L.
(Abbasi et al., 2013) and Lolium perenne L. (Ochecova et al.,
2014). Rios et al. (2012) reported that SL as a soil amendment
increased soil organic matter and P content, consequently
increasing the biomass of Lolium perenne L. The agricultural
benefits of WA and SL therefore extend beyond their lim-
ing potential, including improvements in soil health and plant
nutrient supply. However, WA and SL have not been evaluated
as liming and nutrient sources in Newfoundland and Labrador
(NL).

NL soils are predominantly podzolic and cover 60% of the
province’s land area, and current expansion of agriculture in
NL increases opportunities and the potential for WA as an
organic soil amendment and as a source of plant nutrients
for both field and greenhouse crop production. Podzols are
darker alluvial soils having high levels of aluminum (AI**)
and iron (Fe?*) ions and organic matter in the B horizon (Saha
et al., 2020). Dissolved AIT in these soils could be toxic and
may inhibit root growth by damaging the root apical cells,
affecting the plant’s uptake of nutrients and water, resulting
in poor yield (Kopittke et al., 2015; Yamamoto, 2019). In
addition, podzolic soils have high percentage of clay minerals
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Core Ideas

* The podzolic soils of Newfoundland have low pH
and fertility, hence require liming.

e Locally sourced wastes, such as paper mill wood
ash (WA) and sludge (SL), could be used as liming
and nutrient sources.

* WA was equivalent to limestone (LIME) in
improving and sustaining optimal soil pH.

* WA produced 52% and 74% greater annual rye-
grass yield than conventional LIME application in
podzolic soils.

containing kaolinite and iron oxides, which can fix phospho-
rous (P) and make it unavailable for plant uptake. Low pH,
excessive AI>*, and unavailability of P are the main causes of
low agriculture production in podzols (Zheng, 2010). Raising
soil pH, fertility, and health are key factors to enhance crop
productivity in podzolic soils.

Due to low fertility and high acidity, NL soils require regu-
lar applications of lime and fertilizers to supplement elements
necessary for plant growth (Kedir et al., 2021). There can be
up to 40% reduction in nutrient uptake and production effi-
ciency in crops when the pH level is below 5.9. At pH below
5.0 (very acidic), Al, Fe, and manganese (Mn) become more
available, which are toxic to crops. Excess AP can restrict
root growth and function in crops (Hajiboland et al., 2023).
Previous chemical analyses of WA samples collected from the
Wild Cove, NL (paper mill landfill site) showed a very high
pH of 12.7, total carbon of 58%, total P and K of 1.26%, and
1.42%, respectively. This suggests that WA could be used as a
liming material and plant nutrient source for agricultural soils
on the west coast of NL; however, the safety and feasibility
of such an application have yet to be proven. The effective-
ness of WA and SL as liming agents varies depending on
carbonate and bicarbonate contents, liming potential, appli-
cation rates, the initial and target pH of the receiving soil,
and solubility compared to limestone (LIME) (Royer-Tardif
et al., 2019; Yang et al., 2018). The neutralizing potentials
of WA and SL can range between 8%-90% and 12%—60%,
respectively (Kar et al., 2014). Moreover, WA and SL contain
organic matter and essential nutrients for plant growth, such
as nitrogen (N), calcium (Ca), magnesium (Mg), potassium
(K), and phosphorus (P) (Cruz et al., 2023).

The major factor limiting the adoption of paper mill waste
for crop production are concerns regarding organic and heavy
metal contaminants (Hanson et al., 2023). Heavy metals are
common in mill waste due to fossil fuels used during the
combustion of feedstock in boilers; these trace metals may
potentially leach down from fields or landfill sites and pollute
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groundwater sources (Pazalja et al., 2021). Biochar (a carbon-
rich product produced from pyrolysis of organic residues) can
reduce the potential risks of heavy metal toxicity in mill waste
products (Elkhlifi et al., 2023). Additionally, biochar (BC) can
also improve soil physicochemical and biological properties
(Farhain et al., 2022; Medaiyese et al., 2023), reduce nutri-
ent leaching (Cairns et al., 2022), and reduce greenhouse gas
emissions (Mosa et al., 2023).

This study aims to evaluate the potential for utilizing paper
mill waste WA and SL alone and in combination with BC
for liming and soil conditioning to support the production of
annual ryegrass. We hypothesize that these amendments can
sufficiently raise and maintain soil pH, as well as promote
biomass yield and N uptake, reducing residual mineral N that
is prone to leaching and denitrification losses. Using amend-
ments with greater soil conditioning capacity than LIME
would not only benefit crop production potential but also the
local paper mill and broader provincial economy. The addition
of BC to paper mill waste WA and SL, though primarily done
to curb the risks of heavy metal pollution, could also improve
soil quality and crop production potential.

2 | MATERIALS AND METHODS
2.1 | Soil and amendment preparation and
characterization

The greenhouse experiments were conducted at Wooddale
Provincial Tree Nursery, Grand Falls-Windsor (49.0249° N,
55.5488° W), NL. Soil was collected from the 0- to 20-cm
depth of virgin fields (newly cleared forest land) and passed
through a 4-mm sieve before air-drying. CBPPL utilizes black
spruce (Picea mariana) and balsam fir (Abies balsamea)
as feedstock for burning in the power generation process
using crude oil. Therefore, to capture variability in waste by-
products, 30 grab samples of WA (a mixture of bottom and fly
ash) and SL were obtained from CBPPL twice daily (10 a.m.
and 3 p.m.) for 15 days and mixed to make composite samples.
The homogenized composite samples were air-dried, ground
on a Wiley Mill (A.H. Thomas Co.) and passed through a 2-
mm sieve prior to analysis and application. The agricultural
LIME used in this study was a mixture of calcite (CaCO;)
and dolomite [CaMg(CO3),], purchased from NCL Contrac-
tors (Ltd.). Soil and amendments were analyzed for basic
properties (Table 1).

Soil pH and electrical conductivity were analyzed using
a 1:2 (w/v) extract at room temperature (Hendershot et al.,
1993). The pH of WA and SL was determined from satu-
rated pastes. Exchangeable bases (K, Mg, Ca, and Na) were
determined using an inductively coupled plasma mass spec-
trometry following extraction with 1.0 N ammonium acetate
solution (Simard, 1993). Total C and N were measured by
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dry combustion using a LECO CN 828 dry combustion ana-
lyzer (LECO Corporation). Mineral N (NO;~ + NH, ) was
extracted using 2 M KCI and analyzed by flow injection
(USEPA, 1993). The calcium carbonate equivalent (CCE) of
WA and SL was determined by acid digestion using HCl
(Muse & Mitchell, 1995). The BC used in this study was pro-
duced from yellow pine wood pyrolyzed at 500°C for 30 min
(supplied by AirTerra Inc.). Electron microscopy images of
the BC are presented in Figure 1, and selected properties are
shown in Table 2.

2.2 | Experimental setup

Two greenhouse experiments, comprised of eight treatments,
were arranged in a 4 X 2 factorial randomized complete block
design (RCBD) and replicated three times. The treatments
were different combinations of four liming materials (LIME,
WA, SL, and a 4:1 wood ash and paper sludge [WASL] mix-
ture) and two BC levels (0 and 20 Mg ha~!). Amendment
application rates were based on the amounts needed to attain
a target pH of 6.3. To determine the optimal rates needed to
reach the target pH, theoretical rates based on the CCE and
lime requirement of the soil as recommended by the provincial
soil laboratory were calculated for WA and SL (Equation 1)
as follows:

Area X LR
CCE x (100 — Percentage moisture content)

ey
where CCE is the calcium carbonate equivalence and LR is
the lime requirement (Mg ha™!).

Soil was mixed with amendments corresponding to 100%,
70%, 50%, and 25% of the theoretical rates. Soil pH was mea-
sured once every 24 h until a constant pH was achieved (7
days) to determine amendment rates that produced the tar-
get pH. For Experiments 1 and 2, optimal rates of LIME,
WA, and SL were 7.1, 17.25, and 55 Mg ha=!, and 8.1,
20, and 94 Mg ha~!. Biochar was added at 20 Mg ha~!
(Moragues-Saitua et al., 2017), while WASL and WASLBC
were formulated as a 4:1 mixture of WA and SL based on
weight (13.8 + 11 and 16 + 18.8 Mg ha~! for Experiments 1
and 2, respectively). Respective quantities of amendments for
each treatment were thoroughly mixed with 2 kg of air-dried
soil and lightly packed in 15-cm (diameter) pots. In Experi-
ment 1, each pot was watered to 55% water-filled pore space
(WFPS) with tap water and left for 7 days for soil stabiliza-
tion before seeding. For Experiment 2, pots were watered with
55% WPFPS, and seeding could not proceed because of a 90
days lockdown due to the COVID-19 pandemic. Upon green-
house reopening, the soil in each pot was subsampled for pH
analysis, and additional amendments were added as needed to
restore the target pH of 6.3. Differences in amendment rates

Application rate =




TABLE 1 Selected properties of soil, wood ash, and paper sludge used in the current study.
Soil

Parameters Experiment 1 Experiment 2 Wood ash Paper sludge CCME limits
pH 5.7 5.2 12.6 8.2 -
Soil texture Sandy loam Silt loam - - -
Electrical conductivity (dS m™!) 0.04 0.03 0.009 0.0003 -
Organic matter (%) 2.7 4.5 - - -
Potassium, extractable (mg kg™') 29 54 242 1.36 -
Calcium, extractable (g kg™!) 0.116 0.06 23.6 5.44 -
Ammonium-NH,* (mg kg™') 4.79 3.18 0.75 876 -
Nitrate-NO,~ (mg kg™!) 0.61 5.21 5.09 2 -
Total carbon (g kg™') - - 50.9 401 -
CN ratio - - 16.66 38.55 -
Total nitrogen (g kg™!) 0.5 0.8 0.30 1.04 -
Organic carbon (g kg™!) 12.9 18 34.5 399 -
CCE - - 104 12.9 -
Arsenic (mg kg™!) 8.8 10 2.5 2.1 41
Cadmium (mg kg™') 0.09 0.061 1.3 3.1 15
Chromium (mg kg=!) 36 31 130 55 1000
Cobalt (mg kg™!) 8.2 8.2 14 5.1 150
Copper (mg kg™!) 13 13 190 94 1500
Lead (mgkg™") 7.9 8.7 20 35 300
Mercury (mg kg=!) 0.05 0.63 0.04 0.2 4
Molybdenum (mg kg~!) 0.42 0.44 16 6.3 20
Nickel (mg kg=!) 19 16 88 42 180
Selenium (mg kg™!) 0.36 0.46 0.17 0.44 25
Zinc (mg kg™') 31 18 670 890 1850

Abbreviations: CCE, calcium carbonate equivalent; CCME, Canadian Council of Ministers of the Environment (2012).

TABLE 2 Physicochemical properties of biochar used in study.
Parameter Value
pH 9.0
Electrical conductivity (dS m™!) 5.2
Water-holding capacity (mL H,0 100 g~ 74.9

drychar)

Cation exchange capacity (cmol kg~!) 11.1
Total C (%) 86.8
Total N (mg kg™') 400
Total ash (g kg™!) 71

Recalcitrant C (g kg™") 760
Neutralizing value (g kg~! as CaCO,) 490
Bulk density (Mg m~?) 0.19
Void space (% v/v) 87.5

between the two experiments were due to differences in soil
properties (Table 1), as well as the additional time between
amendment application and seeding of Experiment 2.

Pots were watered to 55% WFPS and left for 7 days to
stabilize before seeding. In both experiments, 20 seeds of

annual ryegrass (Lolium multiflorum) were planted at 1-cm
depth (Park et al., 2012). Fertilizer rates were determined
based on crop requirements and nutritional status of the soil,
as recommended by the provincial soil fertility specialist.
Accounting for nutrients available in added amendments, all
pots received supplemental urea, triple superphosphate, and
murate of potash to respectively supply recommended N, P,
and K for annual ryegrass. Additional fertilizers added were
150 kg N, 87 kg P, and 149 kg K ha~! for Experiment 1,
and 180 kg N, 52 kg P, and 128 kg K ha~! for Experiment
2. The pots were organized on separate tables based on repli-
cate/block. Throughout the study, watering was done once per
week to replenish moisture to 55% WEFPS, allowing <10%
depletion between watering events. The selected WFPS was
considered the optimal moisture content for plant growth and
soil microbial activity in this study and was determined as
the proportion of total pore volume based on oven-dry weight
of soil and bulk density (Katanda, 2022; Linn & Doran,
1984). At 14 days after seeding (DAS), thinning was done to
reduce the number of plants to 16 per pot. The greenhouse
growth conditions for both experiments are shown in Figure 2
below. In Experiment 1, temperature was 21 + 2°C for ~16 h
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FIGURE 1

Scanning electron microscopy images of yellow pine wood (Pinus spp.) biochar at different magnifications and scales: (a) 100x

mag—1-mm scale; (b) 500X mag—300-um scale; (c) 1000x mag—100-um scale; (d1) 5000x mag—30-um scale; (d2) 5000x mag—30-um scale;
(el) 10,000x mag—10-pm scale; (e2) 10,001x mag—10-pm scale; (f) 19,998 mag—5-um scale; (g) 49,999x mag—2-um scale.

Experiment 1 Experiment 2
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FIGURE 2 Temperature and light intensity in greenhouse during
experiments to assess liming potential of wood ash and sludge.

during the day and 15 + 2°C for ~8 h at night. The light
intensity was low due to gloomy winter conditions (low nat-
ural light) and varied between 42 and 786 lux, while the
humidity ranged from 38% to 54% throughout the experiment.

For Experiment 2, temperature was 25 + 2°C for 16 h during
the day and 13 + 1°C for 8 h at night. Light intensity ranged
from 369 to 5366 lux, whereas humidity ranged from 55%
to 88%.

2.3 | Sampling and analyses

At 55 DAS, annual ryegrass shoots were harvested by clip-
ping at the soil surface. Samples were bagged and oven-dried

at 65°C for 72 h. The dry matter yield (DMY) of harvested
samples was calculated as shown in Equations (2) and (3).

Fresh weight — d ight
Dry matter(%) = Tosh welg - Ly Welg x 100
fresh weight
2)
Dry matter yield (Mg/ha) = DM (%) X <ﬂ>
pot surface area

X sample weight 3)
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The oven-dried plant samples were pulverized using a ball-
mill grinder (Retsch Cryomill) and thoroughly homogenized
in preparation for analyses of N content. The soil from each
pot was thoroughly mixed, and roots were removed before col-
lecting a 500 g subsample for laboratory analyses. A 50 g
sample of moist soil was sieved with a 2-mm mesh, stored
at 4°C, and extracted for analysis of residual soil mineral N
(NH,* and NO; ™) within 72 h of sampling. The rest of the
soil was sieved with a 2-mm mesh, air-dried, and ground
using a mortar and pestle prior to analysis for total C and N
(Bertsch & Ostinelli, 2019). Residual soil nitrogen (NH, +
NO; ™) after crop harvest was determined by extraction of 5 g
sieved (<2 mm) field-moist soil with 50 mL of 2 M KCl, fol-
lowed by flow injection analysis (Maynard & Kalra, 2008)
using a continuous flow analyzer (Bran Luebbe AA3, Seal
Analytical Inc.). Soil pH was determined from a 1:2 (w/v)
soil/water suspension using a handheld pH meter (Bluelab
Combo Meter). Total C and N in soil samples were measured
by dry combustion using a LECO TruSpec CN autoanalyzer
(LECO Corporation) (Bertsch & Ostinelli, 2019).

2.4 | Statistical analysis

Two-way analysis of variances were performed to determine
the effects of liming amendments (AMs) and BC on soil pH,
DMY of annual ryegrass, and residual soil nitrogen concen-
tration using the Statistix 10 software package (Analytical
Software). The normality of residuals was checked using
the Shapiro—Wilk test. Comparisons of treatment least-square
mean estimates were done using Fisher’s least significant
difference test at the 5% significance level for all pairwise
comparisons. Graphs were prepared using OriginPro 2021
(OriginLab Corporation).

3 | RESULTS

3.1 | Plant nitrogen uptake

There was a significant AM effect on N uptake in both
experiments (Table 3). Compared to LIME, WA and WASL
significantly increased N uptake in Experiment 1 by 48%
and 26%, respectively. There was no significant difference
in N uptake between LIME and SL. Nitrogen uptake was
significantly higher in WA and WASL than in SL. Overall,
BC application did not significantly affect N uptake in this
experiment. Similarly, in Experiment 2, WA and WASL sig-
nificantly increased N uptake by 52% and 14%, respectively,
whereas SL significantly reduced N uptake by 57%. There was
a significant BC effect on N uptake; for all AMs, BC addition
significantly reduced N uptake by 12% (Table 3).
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FIGURE 3 Residual mineral nitrogen in soil at 55 days after
seeding annual ryegrass. LIME, limestone; SL, paper sludge; WA,
wood ash; WASL, wood ash and paper sludge. Bar showing different
letters indicate significant differences among treatment means (Fisher’s
LSD test at p < 0.05). Lower case and upper case letters indicate
significance in Experiment 1 and Experiment 2 respectively.

3.2 | Dry matter yield

In both experiments, there was a significant AM effect on
annual ryegrass DMY (Table 3). Regardless of BC applica-
tion level, WA, SL, and WASL, respectively, produced 52%,
31%, and 41% higher DMY compared to LIME in Experi-
ment 1, and 74%, 57%, and 74% higher in Experiment 2. In
both experiments, there were no significant differences among
WA, SL, and WASL. Overall, BC did not significantly affect
annual ryegrass DMY in both experiments.

3.3 | Soil pH

In both experiments, there were significant amendment effects
on soil pH at 55 DAS (Table 4). The soil pH in WA and WASL
was not different from that in LIME. However, pH in SL was
0.4 and 0.3 points lower than in LIME in Experiments 1 and
2, respectively.

3.4 | Residual soil nitrogen and soil CN ratio
There was a significant AM X BC effect on residual soil N
(Table 4). In both experiments, residual soil mineral N was
highest in LIME treatments, with or without BC (Figure 3).
In Experiment 1, the addition of BC significantly increased
soil mineral N in WA, but reduced it in SL. Conversely,
adding BC did not significantly affect soil mineral N in
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TABLE 3

Experiment 1

JAVED ET AL.

Effects of soil amendments on plant N uptake and annual ryegrass yield under greenhouse conditions.

Experiment 2

Source of variation N uptake (kg ha=1)

DMY (Mg ha™1)

N uptake (kg ha=')

DMY (Mg ha™1)

Amendment (AM)

LIME 40.4c 1.16b 85.1b 2.3b

WA 59.9a 1.76a 129a 4.0a

SL 40.5¢ 1.52a 36.5¢ 3.6a

WASL 51.1b 1.64a 96.9b 4.0a

Biochar (BC)

0 Mg ha™! 49.8 1.60 92.2a 3.59

20 Mg ha™! 46.1 1.44 81.5b 3.35
p-value

AM <0.001 <0.001 <0.001 <0.001

BC 0.19 0.06 0.003 0.13

AM x BC 0.17 0.29 0.28 0.58

Note: Letters denoting pairwise comparisons in the table represents the reuslts of LSD tests. Different letters signify statistically significant differnces at p < 0.05.

Abbreviations: DMY, dry matter yield; LIME, limestone; SL, paper sludge; WA, wood ash; WASL, WA + SL.

TABLE 4

greenhouse conditions.

Experiment 1

Experiment 2

Effects of liming amendments and biochar on soil pH, residual soil nitrogen, and soil CN ratio in annual ryegrass grown under

Residual soil mineral

Residual soil mineral

Source of Variation Soil pH N (mg kg™!) Soil CN ratio Soil pH N (mg kg™1) Soil CN ratio

Amendment (AM)

LIME 6.0ab 43.5a 26.0 6.5a 20.3a 19b

WA 6.2a 21.8¢c 26.3 6.3ab 3.3b 21b

SL 5.6¢c 27.7b 28.8 6.2b 2.2¢ 27a

WASL 6.0ab 12.4d 27.5 6.3ab 2.1c 20b

Biochar (BC)

0 Mg ha™! 5.9 28.3a 24.2b 6.2 5.7b 20b

20 Mg ha™! 5.9 24.4b 30.0a 6.3 8.4a 22a
p-value

AM <0.001 <0.001 0.12 0.01 <0.001 <0.001

BC 1.00 <0.001 <0.001 0.08 <0.001 0.02

AM x BC 0.92 <0.001 0.21 0.53 <0.001 0.39

Note: Letters denoting pairwise comparisons in the table represents the reuslts of LSD tests. Different letters signify statistically significant differnces at p < 0.05.
Abbreviations: LIME, limestone; SL, paper sludge; WA, wood ash; WASL, WA + SL.

LIME and WASL. Overall, residual soil mineral N varied
in the order LIME = SL > WA > WASL without BC and
LIME > WA > SL = WASL when BC was added. In both
experiments, WA and WASL significantly reduced residual
soil mineral N, regardless of BC level. In Experiment 2, there
were no significant differences among the paper mill waste
treatments, and they all had lower residual soil mineral N than
LIME at both BC levels (Figure 3).

In Experiment 1, combining BC with AMs significantly

increased soil CN ratio at the time of harvest (Table 4). Con-
versely, soil CN ratios did not significantly vary among AMs.
For Experiment 2, there were significant AM and BC effects
on soil CN ratio. Soil amended with SL had significantly
higher CN ratio than with LIME, WA, and WASL. Regard-
less of AM, BC addition increased soil CN ratio compared to
liming alone.
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4 | DISCUSSION
4.1 | Plant N uptake and yield

Greater N uptake was observed in WA and WASL (80% WA
and 20% SL) than in LIME and SL in both experiments.
Higher N uptake in WA treatment might be possible due to the
presence of high K* that is 177% more than SL (Table 1). K*
plays an important role in maintaining proper water balance
by influencing the closing and opening of the leaf stomata,
and it helps to regulate osmotic potential that affects water
movement within plant issues. Therefore, in case of sufficient
K™ levels, it helps to maintain proper water potential, which
indirectly supports movements of nitrate ions within the plant
through xylem tissues (Sardans & Pefiuelas, 2021). Enhanced
N uptake in WA may also be due to the alkaline conditions
created by WA, which result in greater availability of NO;~
(Table 1) (Neina, 2019; Pugliese et al., 2014). These results
are in agreement with the findings of Brod et al. (2012), who
reported that WA mixed with inorganic fertilizer increased
N uptake in Lolium perenne L. Couch et al. (2020) reported
that application of WA increases mineralization of C and N
via microbial respiration, resulting in more N availability for
plants. WA application along with N fertilizer enhanced N
uptake in Pinus sylvestris and reduced residual N (NH,* and
NO;7) in soil (Saarsalmi et al., 2014).

Lower N uptake was observed in SL treatments without BC
addition (Table 3). These results agree with those reported by
Sippola et al. (2003) who observed lower N in plants amended
with SL compared to plants fertilized with inorganic N fertil-
izer. Lower uptake in SL might be due to its high CN ratio
(38.6) more than the double compared to WA (16.7) (Table 1).
The higher CN ratio of the SL might have immobilized N
by microbial activity and reduced overall N uptake in shoots
(Tables 3 and 4). Interestingly, in both experiments, BC addi-
tion increased CN ratio and reduced overall N uptake, this
could be due to higher CN ratio of BC, as it is primarily
composed of recalcitrant carbon and has relatively lower N,
that might have increased overall CN ratio when combined
with paper mill amendments (Tables 3 and 4). This observa-
tion is in line with Alburquerque et al. (2013), who reported
that BC addition decreased N uptake in Triticum aestivum and
could be possible due to high CN ratio of BC. Zhang et al.
(2014) reported that BC application increased soil microbial
activity that led to increase in CN ratio. Deenik et al. (2010)
reported that BC contains volatile fractions that can be readily
degradable and may increase CN ratio in soil.

In the present studies WA, SL, and WASL produced 52%,
31%, and 41% higher biomass (Experiment 1), 74%, 57%,
and 74% (Experiment 2) of annual ryegrass as compared to
LIME, respectively (Table 3). These results corroborate the
findings of Ziadi et al. (2013), who reported that the appli-
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cation of paper mill biosolids increased shoot biomass of
Hordeum vulgare L. and increased plant N, P, and Ca uptake.
Similar findings of increased plant growth and biomass due to
WA application were reported by Bonfim-Silva et al. (2017),
where WA addition increased shoot biomass of Brachiaria
brizantha (cv. BRS Piatd) by 94% compared to treatments
that contained lower rates of WA fertilization. Higher biomass
in mill amendments could be attributed to the presence of
essential nutrients, for example, Ca, Mg, K, Mo, Fe, and
Zn, that facilitated annual ryegrass growth by activating var-
ious enzymes and stabilizing plant metabolism, for example,
osmoregulation and protein synthesis processes, resulting in
higher plant height and biomass (Hasanuzzaman et al., 2018;
Wu et al., 2018; Sikder et al., 2020).

In addition, the higher biomass yield in Experiment 2 than
in Experiment 1 (Table 3) could be due to several reasons,
some possibilities including Experiment 2 soil was higher
in calcium, potassium, and organic matter, plus this experi-
ment was conducted in summer season with higher average
temperature, light intensity, and humidity (Figure 2). These
two experiments were conducted in different seasons (Win-
ter 2019 and Summer 2020); however, the trend of paper mill
amendments in comparison with traditional practice of LIME
application is the same with respect to liming, growth, and
crop yield.

4.2 | Soil pH and residual soil nitrogen

WA and SL are the potential alternate liming materials that
can be substituted with commercial LIME. In Experiment 1,
we observed increased soil pH with WA and WASL (80% WA
+ 20% SL) in combination with SL than alone (Table 4). The
increase in soil pH treated with WA and WASL compared to
SL might be due to the presence of high exchangeable Ca in
WA, which is 433% higher than SL (Table 1). The substan-
tial influence of WA on soil chemistry exhibits a similarity to
the effects observed with liming, emphasizing the crucial role
of calcium in influencing this process (Kim et al., 2022). In
addition, the small particle size of WA might have initiated a
more pronounced reaction with the soil, causing a more rapid
alteration in pH compared to SL. These results are in line with
the study conducted by Sharifi et al. (2013), in which WA was
more efficient in increasing soil pH considering its high alka-
linity (pH 12) and superior water solubility compared to other
liming sources. The lower liming potential of SL might be
due to its lower pH and large particle size (Table 1; Chantigny
et al., 2000). In Experiment 2, we observed that WA and SL
alone and in combination with BC increased soil pH from 5.2
to a target pH of 6.2-6.3. These results corroborate findings
from other studies that reported that the application of paper
mill biosolids alone and in combination with BC increased
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soil pH to a greater extent than commercial LIME (Adotey
et al., 2018; Manirakiza et al., 2019).

In both experiments, WA was more efficient in increasing
soil pH. This observation can be attributed to the presence of
carbonates, oxides, and hydroxides (Kapembwa et al., 2020;
Neina, 2019) and smaller particle size, which provides a
greater surface area for reactions (Hu et al., 2020). These find-
ings are similar to the studies reported by Adotey et al. (2018),
who observed increased soil pH with WA application com-
pared to commercial LIME. Although, in Experiment 1, SL
did not perform well compared to Experiment 2, where SL
application successfully attained the target soil pH (6.3). This
might be due to the increased application of SL in Experi-
ment 2, which could have increased the overall exchangeable
calcium amount and provided more time (reapplication of
amendments due to COVID-19) for the large SL particles to
decompose and react with soil.

In Experiment 1, BC-amended WA and WASL exhibited
higher residual N (Figure 3). This might be due to the high CN
ratio of BC that leads to immobilization of N in WA-amended
treatments. Additionally, BC has a high surface area, which
can retain nutrients, including N, that can directly influence
the availability and release of N from amendments (Jeffery
et al., 2011). Contrary to WA, BC-amended SL showed lower
residual N; this could be the result of immobilization (biolog-
ical fixation by microbes) or N mineralization in sludge that
was not synchronized with crop needs over time (Luo et al.,
2018; Sippola et al., 2003).

4.3 | Conclusion and recommendations

The results suggest significant potential of WA as an alterna-
tive amendment for liming and yield improvement of annual
ryegrass grown in NL podzolic soils. On the other hand,
SL may have limited potential due to the risk of increas-
ing N immobilization and residual soil mineral N when
growing conditions are limiting. Combining SL with WA or
BC seemed to alleviate these risks. The adoption of these
amendments for field production systems warrants serious
consideration in NL and other regions with similar soils or
challenges. However, the current study only provides evidence
that these materials are worth considering for large-scale
adoption and requires supplemental field studies to determine
optimal application rates and timing before recommendations
can be made. These materials are also prone to variability
in contaminant levels, so it is important to take additional
precautions, such as combining them with BC.
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